Background. Even though lower-limb motor disorders are core features of spastic cerebral palsy (sCP), the relationship with brain lesions remains unclear. Unraveling the relation between gait pathology, lower-limb function, and brain lesions in sCP is complex for several reasons; wide heterogeneity in brain lesions, ongoing brain maturation, and gait depends on a number of primary motor functions/deficits (eg, muscle strength, spasticity). Objective. To use a comprehensive approach combining conventional MRI and diffusion tensor imaging (DTI) in children with sCP above 3 years old to relate quantitative parameters of brain lesions in multiple brain areas to gait performance. Methods. A total of 50 children with sCP (25 bilateral, 25 unilateral involvement) were enrolled. The investigated neuroradiological parameters included the following: (1) volumetric measures of the corpus callosum (CC) and lateral ventricles (LVs), and (2) DTI parameters of the corticospinal tract (CST). Gait pathology and primary motor deficits, including muscle strength and spasticity, were evaluated by 3D gait analysis and clinical examination. Results. In bilateral sCP (n = 25), volume of the LV and the subparts of the CC connecting frontal, (pre)motor, and sensory areas were most related to lower-limb functioning and gait pathology. DTI measures of the CST revealed additional relations with the primary motor deficits (n = 13). In contrast, in unilateral sCP, volumetric (n = 25) and diffusion measures (n = 14) were only correlated to lower-limb strength. Conclusions. These results indicate that the combined influence of multiple brain lesions and their impact on the primary motor deficits might explain a large part of the gait pathology in sCP.
Introduction
Although motor disorders are the core features of spastic cerebral palsy (sCP), 1 the degree of motor impairment varies tremendously between children with sCP. 2 Early prognosis of long-term motor functioning constitutes a key challenge because it forms a fundamental prerequisite for timely individual tuning of the multidisciplinary therapy. 3 Neuroimaging might enable the prediction of motor outcome at an early age. Research on the relation between brain lesions and upper-limb motor functioning in sCP has shown that the type of brain lesion, white matter integrity, and cortical reorganization can explain a significant part of the variability in upper-limb functioning. [4] [5] [6] [7] [8] [9] The link between brain lesions and gait pathology in sCP, however, has been scarcely studied.
Elucidating this relation is complex for several reasons. First, brain lesions in children with sCP are characterized by a wide heterogeneity. 10, 11 Moreover, brain maturation continues for many years after birth and-especially in the first 2 years-leads to considerable functional changes in the brain. 12 Consequently, it is challenging to make reliable long-term predictions of gait pathologies based on brain lesions before the age of 3. Additionally, conventional magnetic resonance imaging (MRI) modalities fail to highlight brain lesions in 10% to 30% of children with suspected sCP. 11 In those cases, more advanced MRI approaches, such as diffusion tensor imaging (DTI), can identify lesions not observable with conventional MRI, because the sensitivity of DTI to disruption of white matter is higher than that of any other imaging modality. 11 Finally, the brain lesions in children with sCP typically result in a set of primary deficits-that is, muscle weakness, 13 spasticity, 14 and problems with selective motor control and balance. 15, 16 These primary deficits adversely affect functional activities, such as walking, and have been shown to relate to pyramidal tract damage, 17, 18 corpus callosum (CC) volume, 19 and injury to the thalamico-cortical connections. 20 The majority of previous studies have focused on general evaluations of lower-limb gross motor functioning, such as the Gross Motor Functioning Classification Scale (GMFCS), 2, [21] [22] [23] [24] or the type of movement pattern (eg, crouch, stiff knee). 25 These studies identified important relationships between lesion severity and gait performance in sCP, but most studies included only 1 sCP subtype (bilateral or unilateral involvement) and did not study the role of the primary motor deficits. In addition, their results can be extended by using an integrated approach (including both conventional volumetric measures and DTI of multiple brain areas and structures), which might provide the key to explaining the highly variable clinical presentation of sCP. 11, 26 Importantly, in sCP, sensorimotor deficits have most often been described contralateral to the affected brain hemisphere. For instance, Hoon et al 20 found that posterior thalamic radiation injury correlated with increased contralateral sensory deficits of the upper and lower extremity. This lateralization, however, has not been investigated for lower-limb motor deficits and gait pathology. Therefore, it is of particular interest whether lesions on one side of the brain are directly related to gait pathology or lower-limb deficits on the contralateral side or whether ipsilateral projections (of the corticospinal tract [CST]) affect this simple relation. These relations will likely be different between bilateral and unilateral sCP because brain lesions are usually less lateralized in bilateral sCP.
Consequently, we aimed to explore the relation between brain lesions and gait pathology in children with sCP by relating brain characteristics to primary motor deficits of the lower limb and gait performance in 2 types of sCP. We sought to answer the following research questions: (1) Are brain lesions in the most-affected hemisphere directly related to lower-limb motor deficits on the contralateral side? (2) Is brain asymmetry related to asymmetric lowerlimb motor deficits?
Methods

Participants
The CP Reference Centre database of the University Hospitals of Leuven was searched for children who met the following criteria: (1) spastic CP; (2) recent MRI brain imaging available or new imaging planned, including at least MPRAGE (magnetization-prepared rapid gradientecho) and DTI, in children of minimally 3 years old; and (3) data available of 3-dimensional gait analysis (3DGA) conducted between the ages of 3 and 12, prior to any lower-limb orthopedic surgery and prior to or more than 6 months after lower-limb botulinum toxin-A injections. When several 3DGAs of a patient were available, preference was given to the first 3DGA from 5 years on to keep the influence of treatment effects-for example, physical therapy, botulinum toxin-A injections-and the growth spurt to a minimum.
A total of 50 children with sCP were enrolled, 25 bilaterally and 25 unilaterally involved (see Table 1 for patient characteristics). We defined a participant's most-affected side of the body as the side on which the leg had the highest spasticity measure (median Modified Ashworth Scale). All bilaterally affected children showed bilateral brain lesions, except 1 child who did not show clear lesions on the structural MRI scans. Most unilaterally affected children (n = 20), however, showed bilateral lesions. Only 4 unilaterally affected children showed unilateral brain lesions (the only 4 affected by arterial stroke or venous infarction). One unilaterally affected child did not show clear lesions on the MRI scans. Individual patient characteristics are provided in the Appendix Table A.1. This study was approved by the local ethical committee, and informed, written consent was obtained from the patients' parents.
MRI Acquisition
A total of 31 patients were scanned on a 3-T system, and 19 on a 1.5-T system (Philips, Best, Netherlands) using an 8-element SENSE head coil. 3D MPRAGE sequences were obtained with the following parameters on the 3-T system: 182 sagittal slices; FOV = 250 × 250 mm 2 , voxel size = 0.98 × 0.98 mm 2 , slice thickness = 1.2 mm, TE = 4.6 ms, TR = 9.7 ms, acquisition time = 6 minutes 23 s. The following parameters were used on the 1.5-T system: 128 sagittal slices, FOV = 256 × 256 mm 2 , voxel size = 1 × 1 mm 2 , slice thickness = 1 mm, TE = 3 ms, TR = 20 ms, acquisition time = 4 minutes 34 seconds. DTI data were obtained only from the 3-T scanner and acquired sagittally using a single shot spin echo, echo planar imaging sequence with the following parameters: FOV = 220 × 220mm 2 , voxel size = 1.96 × 2.0 mm 2 , 68 contiguous sagittal slices, slice thickness = 2.20 mm, TR = 11.043 ms, TE = 55 ms, acquisition time = 10 minutes 34 seconds. Diffusion gradients were applied in 45 noncollinear directions (b = 800 s/mm 2 ), and 1 non-diffusion weighted image was acquired. 27 
MRI Processing
Periventricular leucomalacia is the most common cause of brain abnormalities in sCP. 28 It has been associated with lateral ventricle (LV) dilation, periventricular white matter reduction (especially in the CST at the level of the posterior limb of the internal capsule [PLIC]), and thinning of the CC. 21 Therefore, we focused on these brain areas. Both hemispheres of the participant were evaluated, and they are referred to with respect to the studied limb (eg, the leastaffected hemisphere is the hemisphere contralateral to the least-affected lower limb).
The CC is the major interhemispheric commissure of the brain. Its cortical and subcortical connectivity and the wide range of motor functions that it is associated with make the CC a critical structure to assess. Because the CC is not a single body but a complex bundle of fibers with distinct components that act separately, 29 we used the standard Witelson's classification of the CC 30 to comprehensively explore the relations between the 5 CC subparts and lowerlimb deficits and gait performance.
MPRAGE was used to conduct volumetric analyses. CC and LV volume were assessed using MeVisLab. A first preprocessing step consisted of positional standardization of the scans. Scans were realigned according to (1) the anterior commissure-posterior commissure (AC-PC) line in the sagittal plane, (2) the vertical orientation of the interhemispheric fissure in the axial plane, and (3) a vertical line through the interhemispheric fissure and the spinal cord in the coronal plane. 31 Next, the CC and LV were manually delineated ( Figure 1 ). CC was delineated in the midsagittal plane (=plane with AC-PC line) ± 1 slice and automatically parcellated into 5 subparts according to Witelson. 30 The volumes of the total CC and its 5 subparts were calculated. Subsequently, LVs were delineated in the brain volume that includes the PLIC. 32 The volume of the bilaterally delineated LV was calculated. The cerebrum was manually delineated in the midsagittal ± 1 slice to correct the volumetric data of CC and in the PLIC brain volume to correct the volumetric data of LV ( Figure 1 ). DTI data were processed in ExploreDTI. 33 First, data were visually checked for artifacts. Then, eddy current and participant motion-induced geometrical distortions were corrected. 34 The b-matrix was corrected for the rotational component of participant motion. 27 Two participants were excluded because of interleaving artifacts or a prematurely terminated scanning protocol. MPRAGE data of these participants was not excluded. Next, diffusion tensors, fractional anisotropy (FA), and apparent diffusion coefficients (ADCs) were calculated using nonlinear regression. 35 Deterministic whole-brain fiber tractography 36 was used for each DTI data set with a uniform 1 mm seed point resolution, a 0.2 FA termination threshold, and a 30° angle threshold. 27 Subsequently, regions of interest in each participant were delineated for reconstruction of the CST. 37 The CST was defined between the primary motor cortex and midbrain. Tracking was initiated from the cerebral peduncle, delineated in an axial plane at the level of the decussation of the superior cerebellar peduncle, and the bundles of trajectories that reached the primary motor cortex and central sulcus were identified. Additionally, the segment of the CST that runs through the PLIC (boundaries according to Kawaguchi et al 32 ) was cut from the overall CST (referred to as CST PLIC ) because this area is most often affected in sCP. 21, 28 One individual was excluded because of the impossibility of tracking the CST. To assess the asymmetry of DTI measures (FA and ADC), an adapted version of the AI according to Bonekamp was determined for both the CST and CST PLIC 38 :
AI
Most affected Least affected Most affected Least affected
To exclude the confounding influence of the magnetic field strength, DTI analyses were limited to the 31 children scanned on the 3T system (−3, because their DTI scans were excluded; see flow chart in Appendix A [ Figure A .1]). Age and number of days between the brain scan and gait analysis were corrected for by including them as covariates in the statistical model.
We use the term neuroradiological parameters when we refer to DTI measures (FA and ADC of CST and CST PLIC ) and volumetry measures (CC, CC subparts, and LV volume).
Primary Motor Deficits
Lower-limb muscle strength was assessed with the Manual Muscle Testing scale. 39, 40 The median score of the hip flexors, hip extensors, knee flexors, knee extensors, and ankle dorsiflexors and plantarflexors was calculated for each side. Spasticity was evaluated using the modified Ashworth scale. 41, 42 Median spasticity score of the hip flexors, hip adductors, knee flexors, knee extensors, and ankle dorsiflexors and plantarflexors was calculated for each side. Furthermore, asymmetry indices were calculated for the median strength and median spasticity using Bonekamp's adapted formula. 38 
Gait
Patients were instructed to walk on a 10-m walkway at self-selected speed. Trajectories of the retro-reflective markers on lower-limb bony landmarks as defined by the Plug-In-Gait model of Vicon (Oxford Metrics, Oxford, UK) were captured with 8 infrared Vicon cameras (100Hz). Two force plates (Advanced Mechanical Technology Inc, Watertown, MA) embedded in the walkway allowed for the calculation of kinetics. Three walking trials with a full kinematics and kinetics profile per lower limb were included per child. Nexus software (Oxford Metrics, Oxford, UK) was used to define gait cycles, calculate spatiotemporal parameters, and estimate joint angles, internal moments, and powers normalized to body mass.
Gait pathology was evaluated with the Gait Profile Score (GPS) representing the root-mean square distance between the movement patterns of the child with sCP and reference movement patterns of typically developing children for each lower limb (joint) separately; the higher the GPS, the more deviated from typical. 43 The GPS has been validated in a pediatric population (such as in sCP) and in patients with Parkinson's disease. 43, 44 The GPS scores were averaged per lower limb over the 3 walking trials. Asymmetry scores were calculated using Bonekamp's adapted formula. 38 
Statistics
First, unilateral and bilateral groups of sCP were compared with respect to primary motor deficits and gait performance using χ 2 comparisons (for GMFCS), and GLM and Mann-Whitney U tests with Type of sCP as factor for continuous variables (GPS and asymmetry indices) and ordinal variables (median muscle strength and spasticity), respectively. Because the groups were different, statistical analyses were split up according to unilateral/ bilateral involvement. Partial Pearson correlations with 2 covariates (age and time between scan and gait analysis) were used to assess the relation between neuroradiological parameters and GPS. Neuroradiological parameters were related to median lower-limb muscle strength and spasticity using Spearman correlations with the same covariates. Additionally, partial Pearson correlations with age as covariate were used to assess the relation between primary lower-limb deficits (spasticity and strength) and gait pathology. An extra covariate (scanner type) was included for the volumetric data to control for the confounding factor of the difference in strength of the magnetic field between the 3-T and 1.5-T scanner. The level of significance was set at α = .05.
Results
Unilateral Versus Bilateral sCP
The unilateral sCP group was overall less affected compared with the bilateral group. More children with unilateral sCP were classified as having a lower level of GMFCS and showed lower median spasticity scores and higher median strength scores compared with the bilateral group (Table 1) . Furthermore, GPS scores were significantly lower in the unilateral group, indicating better gait performance than the bilateral group (Table 1) .
Primary Motor Deficits in Relation to Gait Pathology
In bilateral sCP (n = 25), GPS on the most-affected side was significantly related to spasticity (r = 0.51, P < .05) and strength (r = −0.57, P < .05) of the same limb. This indicates that higher spasticity and lower strength are associated with reduced gait performance in bilateral sCP.
No significant correlations were found in unilateral sCP (n = 25).
Bilateral Group. Correlations between neuroradiological parameters, gait pathology, and lower-limb motor deficits for bilateral sCP are summarized in Tables 2 and 3 
Brain Volume and Primary Motor Deficits/Gait Pathology (Bilateral sCP; n = 25)
Spasticity showed mild/moderate negative correlations with CC volume. Particularly, total CC volume and subpart 5 were negatively related to spasticity, indicating that a higher CC volume of those parts corresponded to less spasticity.
No correlations were found between strength and volumetric measures in bilateral sCP.
For gait performance, mild/moderate negative correlations were found between GPS and volume of total CC and subpart 1-that is, patients with higher volume of these CC parts showed a lower GPS, reflecting a gait pattern closer to typical gait. Furthermore, a moderate/strong positive correlation was found between GPS and LV volume. This means that higher LV volume corresponded to worse gait performance in bilateral sCP.
DTI and Primary Motor Deficits/Gait Pathology (Bilateral sCP; n = 13)
Asymmetry in spasticity was positively and moderately correlated with ADC asymmetry of the CSTs. This means that greater asymmetry in spasticity was related to greater ADC asymmetry of the CSTs.
Asymmetry in strength correlated positively and moderately to ADC asymmetry of the CST Correlations are indicated as R(p). One child with bilateral sCP was omitted from the statistics because its CSTfa value was an outlier based on Grubbs' test (critical Z = 3.199; patient's Z = 3.466; P < .01).
Brain Volume and Primary Motor Deficits/Gait Pathology (Unilateral sCP; n = 25)
Significant positive correlations were found between strength and CC volume of subparts 3 and 4. This indicates an association between higher strength and greater CC volume of subparts 3 and 4. LV volume correlated negatively with strength asymmetry, which suggests that higher LV volume coincided with a more negative strength asymmetry (higher asymmetry). Furthermore, strength asymmetry was positively correlated to CC volume of subpart 2, which means that less asymmetry in strength (less negative asymmetry) was also accompanied by higher volume of this CC part.
DTI and Primary Motor Deficits/Gait Pathology (Unilateral sCP; n = 14)
A significant negative correlation was found between strength and ADC of the CST on the contralateral side.
This means that weaker strength coincided with higher ADC of the CST on the contralateral side. The asymmetry of spasticity was negatively correlated to ADC asymmetry of the CSTs because greater asymmetry in spasticity was associated with less asymmetry of ADC of the CST.
Discussion
This is the first explorative study that combined volumetric and DTI data in bilateral and unilateral sCP, aiming to identify potential relations with primary lower-limb deficits and gait pathology in sCP. The results revealed associations between lower-limb motor functioning and the volume of (parts) of the CC and the LVs. Moreover, asymmetry in lower-limb motor functioning was related to asymmetry in diffusion measures. However, the associations differed considerably between the two sCP groups.
Bilateral Group
Gait pathology was significantly related to the primary motor deficits in sCP children with bilateral involvement. This suggests that lower-limb spasticity and strength contribute to the atypical gait pattern in these children, which highlights the importance of taking these primary motor deficits into account when studying the underlying mechanisms of gait pathology in sCP.
Both lower-limb spasticity and GPS correlated moderately to the volume of the CC and its subparts, indicating that reduced CC volumes relate to increased spasticity and (more) pathological gait. More specifically, lower-limb spasticity was related to volume of subpart 5 of the CC.
This highlights a potential role of the tracts running through this CC part in spasticity regulation. According to Witelson, 30 mainly occipital and inferior temporal projections run through CC subpart 5, whereas Hofer and Frahm 45 additionally assign parietal fibers to this subpart. Because none of these tracts have previously been reported as important actors in lower-limb spasticity in sCP, further research is needed to confirm this relationship.
The highest correlation with gait pathology (GPS) was found for CC subpart 1; that is, lower volume of CC subpart 1 related to increased gait pathology. Subpart 1 of the CC mainly contains prefrontal and premotor tracts according to Hofer and Frahm, 45 whereas Witelson 30 found prefrontal, premotor, and supplementary motor projections running through this subpart. Functional imaging studies revealed strong activity in these 3 regions for actual and imagined walking. [46] [47] [48] [49] The premotor tracts are mainly involved in visually driven movements and preparation of movement, 50 whereas the supplementary motor cortex specifically controls internally driven sequential motor acts. 51, 52 Lesions in the supplementary motor area have been reported to lead to reduced spontaneous motor activity and a reduction in movements to command. 53 Hence, it is not surprising that disruptions in these white matter connections likely play a significant role in the (worse) gait performance in sCP. Interestingly, we found a higher volume of the LVs to be moderately related to increased gait pathology. Because the volume of the LV was assessed in the PLIC volume of the brain, this parameter was expected to reflect the (compromised) integrity of white matter tracts running through the PLIC (including the CST). However, we did not find a correlation between asymmetry in white matter tract measures of CST PLIC and asymmetry in GPS. In contrast, we did find that asymmetry in lower-limb muscle strength and spasticity was moderately related to ADC asymmetry of the CST PLIC and CST, respectively. This shows that larger asymmetry in CST integrity (of the PLIC portion) was reflected in larger asymmetry in primary lower-limb motor deficits. Additionally, the lower-limb motor deficits most likely (partially) increased gait pathology, as indicated by the correlations between gait pathology and lower-limb motor deficits. This suggests that the increased volume of the LVs, as assessed in the PLIC volume, compromises the integrity of the white matter tracts running through the PLIC, which in turn significantly affects the primary lowerlimb motor deficits and hence negatively affects gait performance.
Overall, we can conclude that in bilateral sCP, asymmetry in the central nervous system seems closely mirrored by asymmetry in lower-limb motor performance.
Unilateral Group
In the unilateral group, the CC seems to play an important role in motor functioning because 3 of its subparts were related to lower-limb muscle strength. Lower volumes of CC subparts 3 and 4 correlated moderately with weaker lower-limb strength. Furthermore, lower volumes of subpart 2 also correlated with more asymmetry in muscle strength (with lower strength on the affected side). These results show that lower-limb strength in unilateral sCP is (at least partly) dependent on the integrity of sensorimotor-related parts of the CC because subpart 2 is known to contain premotor and supplementary motor tracts, subpart 3 contains somaesthetic and posterior parietal motor projections, and subpart 4 contains posterior parietal and superior temporal sensory projections. 30, 45 These parcellations indicate that-besides motor fibers-also sensory/ sensorimotor fibers seem to play an important role in lower-limb motor function. Hoon et al 54 already stressed the importance of sensory fibers in motor performance of children with sCP because they found that lesions in sensory fibers affect sCP more severely than lesions in motor fibers. 55 This was later confirmed in a study, where it was found that lesions in sensory fibers correlated to sensorimotor performance in sCP, in contrast to lesions in the CST. 20 The latter finding is challenged in the current study because we did find a strong correlation between ADC of the CST and lower-limb strength. Moreover, the moderately high correlation between volume of the (dilated) LVs and asymmetry in lower-limb strength further confirms this relation because as a result of the reduction in white matter (ie, periventricular leucomalacia), enlargement of the LVs is often present, which was significantly related to lower-limb strength. In conclusion, based on our findings, motor fibers (such as the CST) should not be completely disregarded, and future research should focus on both motor and sensory fibers when unraveling the relation between brain lesions and motor performance in sCP.
In contrast to the results in bilateral sCP, no relevant correlations were found for lower-limb spasticity or GPS in unilateral sCP. Statistical analysis did highlight one significant but clinically contradictory negative correlation between asymmetry in lower-limb spasticity and ADC asymmetry of the CST, which would mean that high ADC asymmetry of the CST coincides with low asymmetry in lower-limb spasticity. We believe, however, that this controversial correlation was most likely related to the ordinal evaluation scale for spasticity that was applied for this study. Post hoc analysis also revealed a positively skewed distribution. This advocates the use of instrumented spasticity assessments, which also is a promising tool to predict botulinum toxin treatment response in sCP. 56
Concluding Remarks
A number of quantitative neuroradiological parameters were related to gait pathology or one of the underlying primary motor deficits in children with sCP. This underpins the hypothesis of Hoon et al, 20 who indicated that the combined influence of multiple brain lesions might explain a large part of the clinical presentation of sCP. One should take into account that this was an exploratory study in which a comprehensive approach was applied to evaluate both macrostructural and microstructural integrity of multiple brain areas and structures aiming to highlight potential relations with lower-limb motor outcome in sCP, in which we did not correct for multiple comparisons. Overall, the correlations found were modest, underscoring the complexity of the anatomy-behavior relationship. Future research should focus on the neuroanatomy markers highlighted in this study, and in-depth and more complex, multiregion analyses into their relationship with lower-limb motor functioning should be conducted.
We did not emphasize the difference between the 2 sCP groups because the unilateral group was less affected than the bilateral group (in terms of GPS, spasticity, strength, and GMFCS level; Table 1 ). Interestingly, all relevant correlations in unilateral sCP indicated a relation between brain lesions and lower-limb muscle strength. In bilateral sCP, only a very limited number of relevant correlations were found for lower-limb muscle strength, but more relevant correlations were documented for lower-limb spasticity. The relatively lighter motor pathology of the unilateral group might have resulted in muscle weakness being the dominant underlying primary problem, whereas in the bilateral group, lower-limb spasticity might have been the primary problem dominating the motor pathology. In the bilateral group, this proposition is corroborated by the similarity in results between spasticity and gait pathology (ie, total CC volume correlated negatively with lower-limb spasticity and GPS). In unilateral sCP, however, no significant correlations between gait pathology and lower-limb motor deficits could confirm our proposition. It is possible that because the unilateral group was less affected (based on GMFCS), other deficits (than currently measured) affected their gait pathology, such as gait stability, 15, 16 the coordination of the limbs, 57 or the effect of altered arm movements. 16, 58 It is important to note that most of the children in the unilateral sCP group had bilateral brain lesions. These children (unilateral sCP with bilateral brain lesions) might have different relations between lower-limb functioning and macrostructural/microstructural brain integrity when compared with their peers with unilateral lesions. Further research (with a larger sample size of both groups) is required to confirm or refute this hypothesis and whether the ipsilateral projections could be the explanation for the possible difference between these subgroups and the bilateral sCP group. Additionally, differences found between unilateral and bilateral sCP in the relations between the neuroradiological parameters and gait performance/lower-limb deficits might have been influenced by the number of children with basal ganglia and/ or thalamus lesions (Table 1 ). Further investigations with increased sample sizes (of children with and without lesions in the basal ganglia and thalamus) and specific focus on the subcortical structures are suggested to examine this effect.
Unexpectedly, we did not find a relation between FA of the CST or CST PLIC and primary lower-limb motor deficits or gait performance (whereas we did for the ADC values). A possible explanation for these nonsignificant relations could be that a minority of the included children had an affected PLIC. Other studies also did not find a relation between motor outcome and CST integrity. For instance Hoon et al 54 indicate that the sensory tracts have a more important role in this respect than motor pathways. Another explanation could be that the interaction between motor and sensory tracts explains motor outcome more. 20 In this study, only prepubertal children (age 3 to 12 years) were enrolled to exclude the possible effects of growth spurt. This wide age range, on the other hand, might have introduced some variability because children between 3 and 5 years old can be characterized by an inconsistent gait pattern, whereas the gait pattern of children between 10 and 12 years old might have been influenced somewhat more by secondary deformations such as lever arm dysfunctions. 59 We did, however, account for age and difference in age between the brain scan and gait analysis in our statistical model. Similarly, the use of the Manual Muscle Testing scale might have introduced some additional variability because it is difficult to assess isolated/analytical movements in children, especially in very young children. This test, however, is routinely used in the university hospital Leuven and was performed by experienced clinicians.
In conclusion, the correlations found in this study offer interesting new insights into the complex interplay between central nervous system integrity and motor performance in children with sCP. Future studies should focus on (1) comprehensively evaluating multiple (motor and sensory) areas in the brain and (2) relating them to motor performance in larger (multicenter) groups of unilateral and bilateral sCP with similar variability in motor functioning. Note: (residuals) = dependent variables are regressed onto the covariates to plot the partial correlations. Abbreviations: AI, asymmetry index; CCtot, total corpus callosum volume; CCp1, CC subpart 1 volume; CCp5, CC subpart 5 volume; CSTadc, apparent diffusion coefficient of the corticospinal tract; GPS, Gait Profile Score; LV, volume of the bilaterally delineated lateral ventricles; MA, mostaffected side; PLICadc, apparent diffusion coefficient of the segment of the CST that runs through the PLIC (posterior limb of the internal capsule); sCP, spastic cerebral palsy. Figure A.3 . Partial Pearson and Spearman correlations for the unilaterally involved children with SCP.
Appendix A
Note: (residuals) = dependent variables are regressed onto the covariates to plot the partial correlations. Abbreviations: AI, asymmetry index; CCtot, total corpus callosum volume; CCp1, CC subpart 1 volume; CCp5, CC subpart 5 volume; CSTadc, apparent diffusion coefficient of the corticospinal tract; GPS, Gait Profile Score; LV, volume of the bilaterally delineated lateral ventricles; MA, mostaffected side; PLICadc, apparent diffusion coefficient of the segment of the CST that runs through the PLIC (posterior limb of the internal capsule); sCP, spastic cerebral palsy.
